The fundamental physicochemical phenomena which characterize the processing of sheet molding compounds by compression molding are discussed. A better understanding of these phenomena can be obtained through the development of mathematical models including reaction kinetics, chemorheology, heat transfer and fiber orientation during fluid-flow, the modeling efforts reported in these sectors and their integration in general models of the SMC process are reviewed here. Moreover the combination of available models with monitoring systems is also discussed. The models presented are applied here, as a case study, to the processing of unsaturated polyester matrix composites.
INTRODUCTION
The availability of simple, rapid and economic processing technologies is probably the most important factor for the growth of composites in the last two decades. These features are particularly enhanced in Sheet Molding Compound (SMC) which is one of the most popular processes for the production of general purpose thermosetting matrix composite materials. SMC, based on press consolidation of preimpregnated sheets (prepregs), has a number of advantages over other molding processes. It is performed with simple * Author to whom all correspondence should be addressed tools, very little material is wasted during the operation and it can be easily automated. Moreover, the possibility of using prepregs with different types of reinforcement leads to the possibility of producing composite materials with not only very good mechanical properties (high compression and tensile modulus) but also high impact resistance.
For more advanced applications the two essential requirements are the ability to control the orientation and placement of fibers and the ability to achieve part integration. These features allow for minimum weight designs, uniform and optimized properties, and minimum cost. The SMC technique approaches these requirements better than other techniques like the BMC and ZMC processes (injection molding of thermosets) in which the poor control of fiber orientation and the difficulty of processing high fiber concentrations place severe limitations on these methods for composite fabrication /1,2/.
In order to prepare the intermediates for SMC, preimpregnated sheets (prepregs) are obtained in a continuous process compacting in a polymeric matrix, chopped glass fibers up to a percentage of 60% by weight. The polymeric matrix used is normally a low viscosity thermosetting resin which allows a high fiber wetting; then the viscosity of the system is increased by incipient cure to reduce the matrix flow during the compression process; and, finally, the sheet is placed between two polyethylene layers. For the production of a composite part, the prepregs are placed in the mold following the geometry recommended by the designer and pressure and temperature are applied to consolidate the composite and promote the matrix polymerization reaction (curing process). Following this brief descrip-tion it is evident that the principal physicochemical properties governing the processing behavior of SMCcomposites are the viscosity and the degree of polymerization of the matrix, and the principal process parameters to be controlled are the imposed pressure and temperature. Normally, the value of these parameters is empirically defined based mainly on trial and error procedures, limiting the reliability of the process and the quality of the produced parts. However, several attempts have been reported in recent years to develop modeling procedures to correlate on a scientific basis the values of the main parameters of the SMC process with the processing behavior and the final properties of the components /3-7/.
The main purpose of this paper is to review the understanding of these processing-structure relationships and their implementation in industrial SMC manufacturing procedures. With this objective several models reported in the scientific literature, regarding the fundamental aspects of the main physicochemical phenomena related to SMC, are reviewed. Particular interest is devoted to the chemorheology of unsaturated polyester based systems and of their effects on the processing behavior and on the monitoring of the SMC process.
THE SMC PROCESS
As described above, in SMC preimpregnated sheets, obtained by compacting chopped glass fibers in a thermosetting polymer matrix, are placed in an open mold following the geometry recommended by the designer. Then the mold is closed and pressure and temperature are applied to consolidate the composite and promote the matrix polymerization reaction (curing process). Several additives may be incorporated in the matrix such as inorganic fillers, thermoplastic resins to improve the impact resistance, flame retardants, thickening agents, releasing agents, etc.
From a processing point of view, the most important part of the process is the compression molding of the SMC prepregs that is normally achieved in a vertical press. A schematic representation of a typical press is shown in Fig. 1 . A detailed description of the main phases of the processing of SMC composites by compression molding can be useful to determine the key variables /l/:
Placement of the sheets in the mold
The plies are die cut in the desired shape and size from a properly maturated SMC roll. Then they are stacked and placed in the open mold covering 60-70% of the mold surface. The dimensions and location of the preimpregnated plies are the key factors of this stage determining the quality of the molded part. In fact, during compression, the plies will be deformed and the resin squeezed modifying the fiber orientation and distribution.
Mold closing and heating
After the charge has been placed in the bottom mold half, the top mold is closed. Normally both parts are heated; so the SMC plies are simultaneously exposed to continuously increasing pressure and temperature. The viscosity of the SMC is reduced by the effects of the temperature, allowing the parts to flow under pressure, filling the mold cavity and eliminating the entrapped air. The key process parameter in this stage is the mold closing rate which must be properly programmed considering the viscosity characteristics of the resin and the heat transfer properties of the entire system. If the mold is closed too slowly, the polymerization reaction promoted by the rising temperature can lead to matrix gelation before the applied pressure reaches a high enough value to complete the mold filling. On the other hand if the mold closing rate is too fast, the viscosity can still be too high, leading to an excess of ply deformation affecting the final fiber distribution and orientation, and increasing the formation of voids by air entrapment.
Curing
As described above, the temperature inside the mold increases as heat is transferred from the mold walls. After the SMC charge fills the cavity, the mold remains closed to assure complete curing and ply consolidation throughout the part. Once the matrix is cured the mold is opened, the part is removed and the press is ready for another cycle. Temperature and curing time are the key process parameters of this stage as they result from a compromise of the final properties of the composite part depending on the matrix reaction kinetics, and the economy of the process which requires curing times as short as possible and low consumption of energy.
In summary, there are two classes of variables controlling the production process: the material dependent parameters such as viscosity and degree of reaction, and the process variables such as pressure, temperature, mold closing speed and curing time. The combination of these parameters will affect the final properties of the product such as dimensional stability, mechanical properties, surface quality, etc.
Even though the SMC is one of the oldest manufacturing techniques in the plastics industry, only in recent years have models to interpret the process been developed. These models are normally related to the characterization of the cure behavior and of the rheology of the resin used for the prepregs. All the models are based on data obtained from calorimetric and rheological experiments performed in similar conditions of the SMC process or from data obtained
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studying the development of the temperature in different parts of the composite during processing.
The control of the process has principally been dedicated to the control of the hydraulic presses used in SMC and on the development of a correct heating procedure using analytical techniques to predict the heat removed or added per cycle III. The development of more advanced control techniques requires a deeper understanding of the basic phenomena occurring during the process and the application of in situ monitoring techniques. One of them /8/ monitors the variation of the dielectric loss factor of the resin during the cure process. Several models have been reported to compare the dielectric behavior with the degree of polymerization and viscosity changes of the matrix /8-10/.
In this work the different models that have been developed for the description of the cure process of glass fiber/polyester resin composites, processed by SMC/BMC, are reviewed. The influence of the processing conditions on the fiber orientation and then on the mechanical properties of the composite is also reviewed.
SMC MODEL DEVELOPMENT
The cure behavior of SMC pastes containing unsaturated polyester resins is characterized by a complex mechanism involving copolymerization of the polyester and styrene molecules induced by the decomposition of an initiator. In order to describe the polymerization process, resin thermokinetic and rheological models can be used in a computer simulation. The main structure of the master model is formed by an energy balance which takes into account the accumulation of heat in the composite, the heat generated by the cure process, the heat conduction in the material and the heat dissipation at the composite skin. The energy balance is coupled with a suitable expression for the kinetic behavior of the chemical reactions accounting for diffusion control effects. The solution of the complete mathematical system gives the temperature and degree of reactions as functions of time and position from experimental results, obtained by thermocalorimetric and rheological characterization of the resin as input data. The Theological behavior of the polyester matrix is described by using an empirical equation to compute the viscosity as a function of temperature and degree of reaction.
Cure kinetic model
As previously discussed, unsaturated polyester resins are commonly used as matrices for fiber reinforced composites. Commercially available systems are generally supplied as relatively low molecular weight, unsaturated linear polymers dissolved in a polymerizable monomer such as styrene, providing crosslinking units by reacting with the unsaturation of the resin in a radical addition reaction. Other than polymer thickening agents, low profile additives, inert and reinforcing fillers are added to modify the performance of the composites. Finally, initiators, inhibitors and other additives are added to control the reaction kinetics.
The chemistry of unsaturated polyester reactions has been widely reported in literature /11-14/. First, the initiator is decomposed leading to the formation of free radicals which progressively reduce the inhibitor concentration. The cure reactions are activated only when the inhibitor is exhausted (induction time). Polyester and styrene radicals are first formed, then larger sized molecules are generated, and finally, the termination reactions progressively reduce the active radical concentration and consequently the polymerization rate.
Many researchers have studied the kinetics of the cure reaction by means of differential scanning calorimetry (DSC) 16,15-17/. Two typical thermograms reported on a polyester resin used commonly as matrix of glass fiber composites, at different thermal conditions, are reported in Figs. 2 and 3 .
The thermogram seen in Fig. 2 was obtained in dynamic conditions by heating the resin at a constant rate, while the results in Fig. 3 were obtained by exposing the system at a constant curing temperature. The area under the reaction peak represents the total heat developed during the polymerization reaction. The results obtained by integration show a lower value for the isothermal thermogram indicating a lower reactivity under these conditions. A higher temperature process must be performed to obtain a fully cured resin.
The utilization of DSC for the determination of the progress of curing reactions generally adopts the assumption that the heat evolved during the polymerization is proportional to the extent of the reaction /15/. The degree of reaction W has thus been defined as: where H(t) is the heat developed between the starting point and a given time, t, during an isothermal process, and Ht is the total heat developed during a dynamic process, calculated by integrating the total area under the DSC curves. This information can be processed to construct a kinetic model for W as a function of time and temperature. Although processing of polyester matrix composites involves a very complex reaction, several simple kinetic models have been proposed to describe their general behavior as obtained in calorimetric tests. Using the definition of the degree of reaction given above, the overall kinetic process takes the following general form:
where Κ is the temperature depending rate constant and f(W) is a function to be determined by best fitting of the experimental results. Pusatcioglu et al. /16/ used the following simple kinetic model:
where dW/dt is the reaction rate, W the extent of reaction, Τ the absolute temperature, a and b are constants independent of temperature, A is the rate constant and E a the activation energy of the reaction.
Kamal et al. IYII and Lem and Han /18/ proposed a slightly more complex kinetic model:
The models represented by equations (3) and (4) are able to fit the experimental results but give little information on the mechanism of reaction.
Stevenson 1191 and Lee /20/ developed a series of kinetic models for free radical copolymerization based on the usually accepted reaction mechanism considering the function of initiators, inhibitors and monomers in the reaction. Neglecting the radical termination and uncoupling the initiation, inhibition and propagation reactions the model presented by Stevenson was expressed in the following single equation by Lee for a single initiator:
1-exp U-^-fJ (5) where 1 is the concentration of initiator after all the inhibitor has been consumed, f is initiator efficiency, t z is the induction time, kd e k p are the rate constants of initiator decomposition and monomer propagation.
More recently a modified kinetic model has been reported by Kenny et al. 161 to take into account the diffusion control characteristics of the polymerization reaction in the final part of the process which is responsible for the lower total heat of reaction developed in isothermal tests with respect to dynamic ones as shown in Figs. 2 and 3 . In fact, in isothermal processes the final extent of the reaction increases with the cure temperature. The structural changes produced by the polymerization reaction are associated with an increase in the glass transition temperature. When the increasing T g approaches the isothermal cure temperature the molecular mobility is strongly reduced and the reaction becomes diffusion controlled and eventually stops leaving an unreacted fraction of the resin in the final system. In order to include these facts in the kinetic model Kenny et al. reported the following equation:
where the rate constant Κ is given by the Arrhenius expression:
and W m is the maximum degree of reaction reached by the system during isothermal erne and shows a linear dependence with the temperature:
When Τ approaches the T g of the fully cured system (Tgm)> W m becomes close to 1. The set of equations (6)- (8) has been successfully applied to describe the kinetic behavior of polyester and epoxy systems allowing a rational description of the differences observed between the total heat developed in isothermal and dynamic tests.
Another kinetic phenomenon to be considered is the induction time observed in the isothermal thermogram (Fig. 2) that can be attributed to the competition of 
where Kj and Ej are the rate constant and the activation energy of the induction phenomenon respectively. Applications of the Equation (6) model, whose parameters are listed in Table 1 
Rheological model
In the SMC process the uniform distribution of resin on the surfaces of glass fibers and particulates during the initial period of the molding operation is of the utmost importance in order to achieve products of uniform quality. These features, as described previously, are strongly dependent on the flow characteristics of the resin that must be known and controlled during the operation. However, temperature changes and branching reactions between unsaturated polyester double bonds and styrene strongly modify the resin viscosity. In fact the rheological behavior of the reacting system is governed by two effects: the first is related to the molecular structural changes induced by the cure reaction and the second is associated with the variation of the segment mobility determined by temperature changes 161.
Several studies have been devoted to the description of the relationship between viscosity, temperature and degree of reaction during the cure process. Han and Lee have extensively reported the rheological behavior of unsaturated polyester resins during cure /21/ represented by the following equation: log η(Τ) = log t|Tg -ζ(Τ -Tg)/(51.6 + Τ -Tg) (10) where r|Tg is the viscosity at glass transition Table 2 . A good agreement between model predictions and experimental results is shown in Fig. 6 .
Heat transfer model
The application· of the chemorheological model Comparison between Theological theoretical and experimental results of the processing of unsaturated polyester matrices in isothermal conditions. Table 2 Equation (11) directly computed by solving the appropriate kinetic equation. However, as mentioned before, the cure of a polyester resin is always an exothermal reaction with a rapid and marked development of heat. Therefore the temperature and the degree of cure profiles in the composite must be calculated taking into account the system geometry, the thermal dißusivity of the composite, the enthalpy of reaction and the resin reaction rate. This can be done by solving the energy balance together with an appropriate expression for the cure kinetics /6,24/.
The principal assumptions included in the formulation of the model for heat transfer are reported in the following:
• A flat geometry is assumed (Fig. 8) ; then only heat transferred along the transverse coordinate, x, is considered.
• The composite is assumed to be a homogeneous material with thermal conductivity k, density, p, and specific heat, C P , calculated as a proper average of the fiber and matrix values /24/. • The processing is achieved by exposing the composite, initially at ambient temperature, to the mold temperature.
• In the first stage of the process the temperature inside the composites is gradually increased by conduction. When the residual induction time becomes zero, the reaction starts. In the nonisothermal process, this condition can be represented by the following equation:
j' Q dt/ K t t\p(E t l RT) = l (13) According to these assumptions, the system to be solved is given by the energy balance equation given below combined with the kinetic model (Eq. (6)):
Obviously the second term of the right side of Eq. (14) must be computed only when the polymerization reaction starts according to Eq. (13).
THERMO-CHEMO-RHEOLOGICAL MODEL APPLICATION
In order to apply the master model for the simulation of the cure process of a polyester based composite, the boundary conditions given by the specific molding process must be provided to describe the cure reaction. In accordance with the characteristics of the experimental process (see Figs. 1 and 7) , we assume that the top, Th, and the bottom, T;, surface temperatures of the composite correspond to the imposed mold temperatures, and the initial temperature, To, is Schematic of the geometry of the SMC process for modelling purposes. Although the heat transfer model has no limitations, it is possible to calculate a practical range of applications. In fact, thin composites can present isothermallike behavior, such a condition can be derived from the energy balance assuming a quasi-stationary state and a maximum temperature difference between core and skin of 1°C 161. The composite thickness which fulfills these requirements is:
In the case of a glass fiber/polyester composite, a typical value of hu at T re f = 335°K is 0.5 mm.
Following Broyer and Macosko /25/ the adiabaticlike conditions are approached when the thickness is greater than: (16) In this case the adiabatic increment of temperature is given by:
In the case of a glass fiber/polyester composite, for To = 60°C, a value of h a d = 7.5 mm has been obtained 161. Thicker composites will present a temperature rise given by Eq. (17) while thinner composites must be computed applying the complete heat transfer model.
The application of the heat transfer model combined with kinetic and rheologicäl equations for the processing of glass fiber reinforced composites has been reported in comparison with experimental results obtained when the impregnated mats of glass fibers 5 . Puzziello and J .Μ. Kenny were placed in the mold and suddenly exposed to the mold temperatures 161. Figure 8 shows the temperature development at the center of two composites having different thicknesses. As a consequence of the heat transferred by conduction, the temperature at the center of the laminate increases up to the external imposed temperature. When the induction time is consumed the temperature further increases as a consequence of the imbalance between the rate of heat generation and the thermal diffusivity of the composite. When a balance between these two quantities is obtained, the temperature profiles reach a maximum. The full line in Fig. 8 represents the results of the model simulation in good agreement with experimental data.
By increasing the thickness of the composite, the adiabatic-like behavior is approached as shown in Fig.  8 . The development of heat produces a strong temperature peak in the core of the thicker composite. Even if the composite thickness (10 mm) is greater than the h a d value given by Eq. (16), the value of maximum temperature (155°C) is lower than the value predicted by Eq. 17. This difference is probably due to the effect of the induction time on the process of heat conduction 
FIBER ORIENTATION
The mechanical properties of SMC final products are strongly related to the fiber orientation distribution which is a complex function of the processing conditions. In fact, the fiber orientation depends on the Theological characteristics of the SMC paste /27,28/ but, furthermore, the viscosity of the compound is dependent on the fiber content and orientation /29,30/. The complete characterization of the fiber orientation in the composite is therefore a very complex problem involving iteration procedures on the viscosity of the compound.
Most of the work reported in this field has been performed on commercial systems. When it is possible, the different factors affecting the rheological behavior are decoupled to study the effects of each variable (temperature, degree of polymerization, fiber content
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Fig. 8:
Comparison between model predictions and experimental results of the processing of unsaturated polyester matrix SMC composites.
and orientation) separately. Following this approach, the rheology of polyester/glass fiber composites during SMC/BMC processing has been studied by many authors 15,23/ analyzing the viscosity of uncatalyzed systems or of samples at temperatures where the crosslinking reactions do not occur. In both cases the materials exhibited shear thinning with a mean power law exponent varying from 0.2 to 0.4, independent of temperature.
The effects of the flow characteristics on fiber orientation have been reported by several researchers /5,27,28/. Normally, an isotropic behavior in the plane of the composite is desired for an SMC part. This could be ideally obtained by producing a random planar fiber distribution. However, the complex geometrical characteristics of the mold, the presence of inserts and small variations in processing conditions may induce localized fiber orientation in a preferential direction, modifying the mechanical performance of the part.
Fiber orientation, which is different depending if the reinforcement appears as filaments or as bundles, has been studied during the mold filling process in SMC 151. It has been observed that the alignment of the fiber in the flow direction depends on the position of the section analyzed. Near the mold gate fibers are present in a three dimensional structure with different orientations: parallel to the flow on the surface, perpendicular in the core and isotropic in between. Far from the mold gate the filaments become oriented parallel to the flow throughout the entire thickness of the sample. These orientations can be qualitatively related to the rate of strain tensor of the bulk flow. The divergent geometry of the gate leads to a negative elongational rate in the flow direction which is maximum in the core. This explains the orientation in the core and on the surface near the gate. At a larger distance from the gate shear flow is dominant and the reinforcement becomes progressively oriented in the flow direction.
The fiber orientation has also been described by numerical models considering the fluid as Newtonian and the fibers as isolated and rigid. Fiber orientation angle Fiber orientation angle
Fiber orientation distribution in SMC (for 67% initial mold coverage).
causes anisotropic mechanical properties in a compression molded SMC part. This results in higher strength and modulus values in the direction of fiber orientation than in the transverse direction as reported, for example, by Denton /32/, whose results are shown in Table 3 . Following these observations and the results reported in Figures 9 and 10 , the necessity to control the fiber orientation through a proper selection of processing conditions and charge locations is evident.
CONCLUSIONS
The fundamental physicochemical phenomena of the processing of sheet molding compounds by compression molding have been discussed. In particular the modeling approaches of the reaction kinetics and chemorheology of thermosetting matrices and their specific application to unsaturated polyester polymers have been reviewed. Moreover the integration of these phenomena with heat transfer and fiber orientation during fluid flow in general models of the SMC has also been discussed. The models presented here are a powerful tool to analyze the effect of raw material properties and process variables on the processing behavior and on the monitoring capability of the compression molding of SMC. 
